Abstract: Natural products from symbiotic or commensal associations between marine invertebrate and microbial organisms show exceptional promise as pharmaceuticals in many therapeutic areas. An economic and sustainable global market supply due to difficulty of synthesis is cited as the main obstacle for exploitation of these otherwise exciting marine bioactive compounds [1] . Different strategies have been evoked to overcome this impediment as long-term harvesting of wild stocks from the environment is considered unsound, and other modes of production based on biosynthesis, such as aquaculture, have not yet been proven as reliable [2] . One option is to clone the genes encoding the biosynthetic expression of a lead metabolite into a surrogate host suitable for industrial-scale fermentation. To facilitate this goal we are developing a universal system to clone and express genes responsible for biosynthesis of natural products from both eukaryotic and prokaryotic partners of marine symbioses. The ability to harness the complete meta-transcriptome of entire biosynthetic pathways is particularly valuable where the biogenesis of a target natural product occurring within a complex symbiotic association is unclear.
INTRODUCTION
The rich structural and stereochemical attributes of natural products [3] promote these compounds as valuable molecular scaffolds to explore their chemotherapeutic potential. Natural products have historically made an impressive contribution as new lead candidates in drug discovery programs, and a small number are now advancing well through clinical trial [4, 5] . The World's seas and oceans cover over 70% of our planet, yet these ecosystems have been largely unexploited as a source of novel compounds by the pharmaceutical industry. Discovery programs to date have been limited to physiological diving depths, and sampling of deeper ocean habitats is limited to utilizing grabs and dredges with limited capture capacity. Until very recently, tools for collecting and maintaining the vast uncultured resources of marine microbial communities have not been well engaged in biodiscovery activities. There is now unprecedented opportunity to sample the globes oldest and most diverse genomes enabling new strategies to rapidly progress development of these unexplored chemical spaces that would add considerable value to pharmaceutical lead generation efforts. This is especially welcome in a postgenomic era where disease indications continue to expand rapidly and the need for remedy is vital. With an ability to *Address correspondence to this author at the School of Pharmacy, University of London, 29/39 Brunswick Square, London WC1N 1AX, UK; Tel: +44-(0)20-77535868; Fax: +44-(0)20-77535868; Email: paul.long@pharmacy.ac.uk culture less than 1% of the predicted microbes found in soils, it is remarkable that these terrestrial organisms have been such a rich source of biologically active natural products for over 50 years. Access to small molecules made by the viable yet uncultivated majority has now been made possible by the isolation of metagenomic DNA and heterologous expression of biosynthetic pathways in a fermentable host. Herein we review strategies to translate and adapt this technology for the sustainable supply of bioactive natural products obtained from marine environments.
Marine Natural Products: Potential and Applications
It is generally accepted that life evolved billions of years ago in the primitive sea, predominantly in the energy-rich, shallow photic layers. It is the modern oceans that contain the greatest diversity of life on Earth. In many extant phyla ancient biosynthetic pathways are conserved through evolutionary constrains determined by the prevalence of asexual reproduction. Marine micro-and macro-organisms are a rich source of chemically diverse metabolites with a wide range of potential use in commercial and medicinal applications. In particular, secondary metabolites of marine invertebrates show exceptional promise as potential pharmaceuticals in diverse therapeutic areas in treating cancer, pain, inflammation and viral infections [4] [5] [6] . Most marine invertebrates harbour microorganisms that include bacteria, cyanobacteria, fungi and eukaryotic algae within host tissues where they reside as extra-and intra-cellular symbionts. In some sponges microbial symbionts may constitute as much as 40% of the volume of the holobiont [7] and can be accommodated within specialist host sponge cells, the bacteriocytes [8] Fig. (1 ) . Many of these invertebrates are microplankton filter feeders allowing the assimilation of consumed microorganisms from inhaled seawater by phagocytosis. The environmental, metabolic and biosynthetic relationships between host and endobionts are usually complex and remain poorly understood. Numerous products isolated from marine invertebrates are structurally homologous to known metabolites of strict microbial origin, suggesting that commensal microbiota contribute substantially to the biosynthesis of host metabolites. Molecular methods have recently been applied to fully characterize the phylogenetic diversity and host specificity of microbial associations in marine sponges [9] [10] [11] [12] [13] , and available evidence reveals that certain sponge-specific symbionts, most of which (>98%) have not yielded to culture, may have co-evolved with their hosts [14, 15] . Sponges (phylum Porifera) are phylogenetically the oldest and simplest multicellular animals of the extant basal Metazoa (ca. 800 million years), and as microbial filter feeders they are abundantly exposed to potential infection by trophic microorganisms. Accordingly, the unique specificity of sponge-microbial associations offers an ideal situation to examine the molecular functions of host-cell specificity in the primitive innate immune systems of early evolution (http://www.pirweb.org/pir04b_marine.htm).
Several metabolites from marine invertebrates that are in preclinical or clinical trial phases [4] [5] [6] , such as the sponge anti-mitotic agents (+)-discodermolide 9 (1) from the sponge Discodermia dissoluta [16] and halichondrin B (2) from the sponge Lissodendoryx n. sp. [4] , are alleged to be products not of the invertebrate animal, but derived from their microbiotic consortia [17] . In the case of the anti-tumour active bryostatin 1 (3) from the marine bryozoan Bugula neritina, molecular evidence favours a microbial origin of these macrocyclic lactones produced by a characterised, but yet uncultured γ-protobacterial endobiont [18] [19] [20] [21] Streptomyces sp. isolate (strain JP95) that produces the telomerase inhibitor griseorhodin A (4), from which the biosynthetic gene cluster has been sequenced [22] .
The patellamides, such as patellamide A (5), patellamide C (6), patellamide D (7) and ascidiacyclamide (8) [23, 24] , are a highly conserved family of oxazoline and thiazole containing cyclo-octapeptides from the tropical Indo-Pacific aplousobranch ascidian (sea-squirt) Lissoclinum patella [25, 26] . These compounds have differential cytotoxic properties targeting fibroblast and tumour cell lines [23] . Evidence for nonribosomal peptide synthetase (NRPS) biosynthetic genes within Prochloron species symbiotic to the Didemnid family of ascidians would appear to favour the prokaryote symbiont as the origin of these cyclic peptides [26] . Sequencing the genome of Prochloron symbionts from a Palau specimen of L. patella, however, has revealed that the pathway is ribosomal [27] . Patellamide D, possibly as a binuclear copper complex [28] , has additional pharmacological significance as a selective antagonist for reversing the multidrug resistant CEM/VLB100 human leukemic cell line towards vinblastine, colchicine and adriamycin treatment [29] . Potential clinical development of this pharmacophore is likely to be encouraged by achieving a sustainable supply of these bioactive marine metabolites.
A vast array of natural products of both marine and terrestrial origin are synthesised by large multifunctional modular polyketide synthases (PKS), NRPSs, and hybrid NRPS-PKS enzymes organized as a co-linear arrangement of catalytic centers grouped into modules, with each module responsible for the sequential catalysis of one complete cycle of polyketide or polypeptide chain elongation [30] [31] [32] [33] . For example, polyketide metabolites are assembled through a common mechanism by the condensation of small carboxylic acids. Structural differences in polyketides stem mostly from variations in the number of condensations, the type of starter and extender units incorporated, and the extent of stereo-specific reduction occurring during each cycle of ketide extension [34] . The majority of polyketides made by microbiota are from modular PKSs, which direct polyketide synthesis on a protein template whereby each module is responsible for selecting, incorporating and processing the appropriate carboxylate unit. The architecture of modular PKS (and NRPS) enzymes allows genetic reprogramming to produce custom designed metabolites [35, 36] . The availability of a growing number of modular PKS enzymes of defined sequence has led to the successful production of many novel and structurally diverse polyketides by genetic manipulation of PKS pathways, albeit at low titres [37, 38] .
The New Zealand sponge Mycale hentscheli (Demospongidiae: Poecilosclerida: Mycalidae) offers three separate classes of PKS compounds with pharmaceutical potential. Mycalamides (9 and 10) were first described as antiviral agents [39] and together with mycalamide D (11) [40] were characterised as eukaryotic cytotoxins that inhibit protein synthesis causing apoptosis [41, 42] . Pateamine (12) having immuno-suppressive and apoptotic properties [42, 43] has been isolated in discrete populations of M. hentscheli that lack mycalamides [44] . Peloruside A (13) was additionally isolated from M. hentscheli as a cytotoxin structurally unrelated to pateamine or the mycalamides [45] . Peloruside A is a 16-membered polyketide macrolide similar to epothilone having potent antimitotic activity with paclitaxel-like microtubule-stabilizing properties that arrest cells in the G 2 /M phase of the cell cycle [46] . The bioactive metabolite composition of Mycale hentscheli collected from New Zealand is remarkably site specific, and intra-specific concentrations are variable within regional sites [47, 48] . Such chemotypic variation of metabolite expression by Mycale conspecifics argues strongly that the sponge residing under different abiotic conditions sustain divergent populations of bacteriocyte endobionts, possibly clonal variants of host-specific cyanobacteria [49] , that are essential to the biosynthesis of these active secondary metabolites.
Even more structurally diverse and abundant than PKS and NRPS metabolites are the isoprenoids that have numerous functional roles in primary and secondary metabolism, of which terpenoids are a class particularly abundant in plants. Over 30 cDNAs encoding plant monoterpene (C10), sesterterpenes (C15) and diterpene (C20) synthases have been cloned and characterised [50] . Unlike plant terpenes, however, very little is known of the biogenesis and genomic organisation of terpenes in symbiotic marine organsims, including sponge sestertepenes (C25) such as the manoalides. One study has revealed that sesterterpene biosynthesis is species-specific in diatoms utilising either the mevalonate (MVA, as in higher plants) or methylerythritol (MEP) pathways [51] , which must be a (14); DMAPP = γ,γ-dimethylallyl pyrophosphate; IPP + isopentenyl diphosphate.
Manoalide has also been shown to be a potent inhibitor of cellular calcium mobilization [60] . A large number of analogues have since been isolated from a variety of Luffariella species having similar properties [61] [62] [63] [64] [65] [66] [67] [68] . Manoalide was progressed through Phase I clinical trials for topical treatment of psoriasis [69] , but therapeutic quantities would not diffuse through the skin and further testing was s u s p e n d e d . Manoalide is used extensively as a pharmacological probe for PLA 2 and is available commercially in small quantities.
Natural manoalide exists as a mixture of diastereoisomers due to the presence of two hemiacetal moieties at C24 and C25. Although numerous syntheses of manoalide have been reported [70] [71] [72] [73] [74] including enantiospecific syntheses [75, 76] , low synthetic yields are not viable to sustain a large-scale market supply. Other than the elucidation of the antiinflammatory, diterpene glucoside pseudopterosin (18) [77] [78] [79] produced by symbiotic Symbiodinium sp. dinoflagellates of the sea whip (gorgonian) Peusdopterogordia elisabethae [80] , little is known about the biosynthetic construction of terpenes in marine invertebrates. Successful cloning of terpene synthase (TPS) genes encoding the presumed biosynthetic pathway for manoalide Fig. ( 2) underway in our laboratory may reveal much about the biogenic origin and genomic architecture of sesterterpene biosynthesis in Luffariella, and the TPS pathway of marine organisms in general.
ACHIEVING A SUSTAINABLE SUPPLY
The foregoing examples touch lightly on the established wealth of marine secondary metabolites available for pharmaceutical advancement and hint at the vast potential of those yet to be discovered. The quest for modern medicine to improve health in aging populations has never been better poised for the development of "drugs from the sea". Yet, the main obstacle to exploiting the chemical diversity of marine bioactive metabolites for pharmaceutical investment has been the economic issue of providing a sustainable and robust supply [1] . Different strategies have been attempted to overcome this impediment, as long-term harvesting of wild stocks from the environment is generally unsound. economic yields to supply a global market demand [2, 81] . Pharmacologically active marine metabolites are often produced at exceedingly small concentrations in species with low distributions or occur in populations that are highly site-specific, so that obtaining sufficient quantities by largescale collection is ecologically unsustainable. Total or semisynthesis has been the traditional choice of supply, but the molecular complexity of many candidate molecules require multi-step processes having inefficient yields that prove too costly for commercial-scale production. Chemical synthesis has been useful to confirm structural elucidation and to prepare small quantities for clinical investigations, notable examples being (+)-discodermolide (1) [82] with a plan towards commercial synthesis (83), the mitotic inhibitor dolastatin 10 (19) derived from the Indian Ocean sea-hare Dolabella auricularia [84] and ecteinascidin 743 (20) from the tunicate (sea-squirt) Ecteinascidia turbinata [85] including a semi-synthetic preparation starting from the bacterial cyanosafracin B antibiotic available in kilogram quantities from industrial-scale fermentation of Pseudomonas fluorescens [86] .
Mariculture is a proven method for the supply of several important marine natural products such as halichondrin B (2) from the marine sponge Lissodendoryx n sp. [87, 88] , bryostatin 1 (3) from the bryozoan Bugula neritina [89, 90] , ecteinascidin 743 (20) from the Caribbean tunicate Ecteinascidia turbinate [80, 90] and the diterpene glycoside eleutherobin (21) from the gorgonian Erytheopodium caribaeorum [91] . Yields achieved by mariculture in these examples are typically 5-12 x 10 -4 % of the wet weight biomass, although some evidence is available that yields can be enhanced at harvest by culture manipulation [87] . Of particular concern is the reliability of production by in-sea culturing that has been found vulnerable to destruction by climatic and environmental events [90] combining additional exposure to devastation by infection or pests.
Microbial symbionts have been implicated in the biosynthesis of many bioactive metabolites [21] as elegantly demonstrated for theopederin A (22) and onnamide A (23) TPS biosynthesis in the sponge Theonella swinhoei [92] . However, less than 1% of the commensal microbiotic consortia are amenable to laboratory culture [93] . Even if microbial populations can be successfully separated, undefined metabolic factors from the sponge are required for the symbionts to grow ex hospite. A successful exception is the telomere-inhibiting griseorhodin A (4) [94] cultured from a symbiotic Streptomyces sp. and the anti-tumour alkaloid manzamine A (2 4 ) obtained from the bacterium Micromonospora sp. isolated from a deep-water Indonesian sponge [95, 96] . While tissue culturing of host primorphs may hold promise [97, 98] , the utility of enabling methodologies has not been realised [99] .
The use of molecular biology to clone the genes responsible for the biosynthetic assembly of a desired marine metabolite for heterologous expression in a surrogate host offers the greatest promise to achieve economical, commercial-scale production that is both sustainable and reliable. Although genes encoding the biosynthesis of griseorhodin A (4) [22] and several other marine metabolites have been entirely sequenced [100] [101] [102] , heterologous expression has been elusive despite considerable efforts [20] . While biosynthetic expression of several bioactives including the potent anti-mitotic epothilones (25) [103, 104] derived from terrestrial sources have been accomplished, the first surrogate expression of a marine metabolite was achieved from an Australian specimen of Lissoclinum patella yielding the cyclic octapeptides, patellamide D (7) and ascidiacyclamide (8) [105] . The challenge remains, however, to identify and clone metagenomic DNA from host tissues and the uncultured microbiotic consortia of a complex marine invertebrate (sponge) for heterologous expression of bioactive candidates for pharmaceutical development.
Molecular Genetic Approaches Towards Sustainable Supply
Fuelled by the realization that genetic engineering has the potential to produce structural analogues of bioactive compounds by combinatorial biosynthesis [106] , there continues to be considerable interest at the molecular level in studying how secondary metabolites are synthesized by cultivated terrestrial microbes [107] . Many of these compounds share structural similarities with bioactives isolated from marine sources [93] . Indeed, there is some debate as to whether actinomycetes cultured from the marine environment are derived from the run-off of terrestrial spores [108] , although abundant evidence suggests that obligate marine species do occur [109, 114] particularly those among the seawater-requiring taxon Salinospora gen. nov. [115, 116] , including a symbiotic Salinospora sp. of the marine sponge Pseudoceratina clavata [117] . Given that marine microbiota are a largely unexplored resource for drug discovery, it is logical that lessons learnt from investigating the molecular biology of terrestrial secondary metabolism are now being applied to marine systems [118] . Taking a terrestrial microbial genetics approach, heterologous pathway expression has become a realistic strategy to overcome the supply impediments facing the clinical development of marine bioactives.
The Prochloron sp. symbiont of L. patella was thought to be the likely source of the patellamide metabolites since their core structure is typical of a prokaryotic NRPS origin [26] , even though studies have shown that these compounds are localized predominately in the host tunic [25] . Although Prochloron is recalcitrant to laboratory culture, this obligate symbiont can easily be separated in large quantities from the cloacal cavity of the holobiont. Long et al. [105] were able to 'shotgun' clone large random-sized fragments of genomic DNA from the Prochloron sp. symbiont into Escherichia coli DH10B cells using pPAC-S1 and pPAC-S2 bacterial E. coli -Streptomyces artificial chromosome (BAC) shuttle vectors [119] to obtain the heterologous expression of patellamide D (7) and ascidiacyclamide (8) . This provided conclusive evidence that Prochloron is the ultimate biosynthetic source of the patellamides. In an alternative approach, assuming a ribosomal origin for the patellamides, Schmidt et al. [27] used "reverse genetics" to correlate the amino acid composition of the patellamides A (5) and C (6) to the annotated putative patellamide biosynthetic genes from the Prochloron didemni sequencing project. In the absence of vigorous structural elucidation data, production of only patellamide A was reported in exeptionally low yield after heterologous expression of the genes, again using E. coli as the surrogate host. The disadvantages limiting future use of this genomic approach for heterologous expression of marine bioactives are clear. Assigning the true biosynthetic origin for any biosynthetic compound is problematic given the large diversity of microorganisms that live in close assemblage with many invertebrates. Even if such an assignment were possible, our current limitations in separating and culturing these symbiotic microbes makes obtaining sufficient quantities of homogenous genomic DNA for sequencing near impossible, assuming sequencing and annotation facilities capable of handling a metagenome project are also available.
The strategy of Long et al. [105] also has its limitations.
A universal cloning technique suitable to 'shotgun' genetic material encoding biosynthetic pathways from prokaryote as well as eukaryote consortia of complex marine assemblages is required if the full potential of recombinant drugs from the sea is to be realized. "Metagenomics" has been described by Handelsman [120] as the study of heterogeneous genomic DNA derived from a defined source. Constructing genomic DNA libraries by cloning fragments from a pool of genomic DNA into a surrogate host has been used with great effect to study secondary metabolism in complex soil communities from viable yet uncultivated bacteria [121] [122] [123] [124] [125] [126] [127] , and has been used likewise to examine the genomic structure of marine planktonic microbial assemblages [128, 129] . Crucial is the judious choice of vector that can accommodate not only large fragments of DNA to capture entire biosynthetic pathways, but which can also be shuttled between various hosts increasing the likelihood that transcription and translation barriers are overcome successfully. There are gaps in our understanding of the community composition of Prochloron spp. at the genetic level, so we do not know whether the genomic DNA library of Long et al. [105] can truly be described as metagenomic. The strategy to construct this clone library with an E. coli -Streptomyces shuttle vector [130] was to allow expression and screening in a genetically amenable E. coli bacterium, but permits expressing the library in an alternative and physiologically more flexible Streptomyces host, if required. A sustainable supply of the bryostatin anticancer agents produced by the Gram-negative, marine bacterium Endobugula sertula has yet to be achieved for the uncultured symbiont of the bryozoan Bugula neritina [131] . Thus, applying the 'shotgun' cloning approach of Long et al. [105] to express bryostatins in a surrogate host would be an attractive proposition to attain sustainable production of these valuable bioactives.
Statistical factors also need to be taken into account when constructing a metagenomic library [132] . The size of the genome or combined genomes, the size of the inserts used and the predicted length of the biosynthetic gene cluster all need to be considered, as well as the mode of gene expression, which can be independent based on a transcriptional fusion or dependent on expression signals located on the vector. Only independent gene expression, such as was achieved for the patellamide [105] , shows a reduction in clone library size with an increase in the size of the insert, whereas expression via transcriptional fusion shows an effective upper limit on insert size, and the dependent expression necessitates the use of very large libraries (10 7 clones) at all times. The use of a BAC based strategy with large inserts will accordingly be useful only in the case of independent gene expression providing a more labour intensive method, but with more specific medium-or low-throughput screening to be employed to deconvolute the clone library.
Marine metagenomic libraries to date have been limited to the expression of composite prokaryotic genomic DNA, although eukaryotic DNA by definition must also be represented in these libraries given the complex source material from which the DNA was extracted. Expression of eukaryotic pathways in a prokaryote host would appear, at first hand, to be a redundant strategy because of incompatibilities in post-transcriptional mRNA processing. However, eukaryotic expression systems do exist [133] , and modification of these or prokaryotic surrogates into 'superhosts' to bypass transcription, translation or biosynthetic barriers could become a reality in the future, for example, by the additional cloning of RNA processing enzymes [134] . Selection of an appropriate host is key to sustainable production on an industrial scale to sustain a future global supply. Providing as near a compatible cellular environment for transcription, translation and metabolite production as the native host would be a surreptitious consideration to guide the choice of a surrogate host. Transferring secondarymetabolite production between related strains of microorganisms has been achieved for both terrestrial as well as marine metabolites, as for example production of the telomerase inhibitor griseorhodin A (4) in Streptomyces lividans [22] . Increasingly, transfer and functional expression of secondary-metabolite pathways between taxonomically distant organisms are being reported [103] with E. coli proving to be a productive host in now many examples [27, 104, 105, 122, 124, 125] . Conversely, metabolic pathway engineering may be required to introduce precursor substrates not normally found in E. coli to support surrogate biosynthesis [135, 136] . This highlights the need to develop effective genetic tools for the expression of DNA encoding secondary-metabolic pathways, most notable the need to shuttle between metabolically distinct hosts without the laborious and technically challenging need to sub-clone large fragments of DNA. Recently, a new bacterial artificial chromosome vector has been reported that can be manipulated in E. coli and then transferred by conjugation into the genome of two recipient organisms containing the Streptomyces phage C31 phage-attachment site attB for integration [137] . The source biosynthetic code most likely to be useful for capturing all possible consortia in a marine assemblage will come from interrogation of the (meta)-transcriptome. Harnessing the transcriptome would overcome the presence of introns which are the main obstacle presently hampering 'shotgun' cloning and expression of eukaryote pathways, although biotic and abiotic conditions could also affect variations in metabolite production that limit the abundance of the required mRNA transcripts.
BIOINFORMATICS FOR ANALYSIS OF METAGENOMIC LIBRARIES
The overwhelming majority of uncultivated microbes present in the environment, either free living or part of a complex symbiotic assemblage, provide a vast resource for the discovery of hitherto unknown novel compounds by the pharmaceutical industry [138] . Selecting individual clones of potential biological interest from metagenomic libraries has traditionally followed either functional or genetic-based screening approaches. In the functional approach, successfully pioneered by biotechnology companies such as Cubist Pharmaceuticals [http://www.cubist.com] and Diversa [h t t p : / / w w w . d i v e r s a . c o m ], genes from a metagenomic library are heterologously expressed in a surrogate host and then compound extracts screened against biological assays to detect the function of interest [139] . In the genetics-based approach, clones are selected based on the presence of either phylogenetic or metabolic genes [140, 141] . Shotgun sequencing of entire metagenomic libraries has emerged as a third option, allowing us to capture genes that are either too diverged from currently known genes to be heterologously expressed in common hosts, or to be amplified using degenerate primers based on sequence alignments of known biosynthetic templates [142] . The exciting possibilities of this third approach have been demonstrated by the analysis of marine and freshwater ecosystems [143] . For example, sequencing 1.6 Gbp from the metagenome of the Sargasso Sea has revealed over 1.2 million new genes and 148 new microbial species [144] . The magnitude of sequence data released just in this studytotalling approximately 10 times the number of peptides currently archived in the UniProt database -dramatically illustrates the vast metabolic potential that metagenomics has to offer [145] .
It is unlikely, even with detailed bioinformatic analysis that an entire metagenome could be handled in a manner similar to the bioinformatics process developed for annotating a solitary microbial genome. This is because the informatics challenges are too profound, for example, identification of genes and the in silico assembly of biosynthetic pathways must take into account the presence of multiple genomes at varying levels of coverage and degrees of relatedness. However, developing new algorithms to interrogate metagenomic sequences should allow construction of a single database that can theoretically contain all of the predicted open reading-frames (ORFs), their putative annotation, and biological role categories from a particular genomic source at a particular point in time. By examining the role assignments, it then becomes possible to identify all the biochemical pathways, and characterize the metabolic capacity of the entire community that may be present. Reconstructing as near-complete genome sequences as possible is especially important for gene expression analysis, with a view towards heterologous expression in a suitable host for sustainable compound supply. Integrative systems biology approaches blending "-omics" and bioinformatic analyses are likely to play a key role for this endeavour in the future [146] .
Genome assembly from mixed sequences is readily achievable when a fully sequenced genome from a closely related source is available using alignment or comparative assembly programs [147, 148] . However, as exemplified from the Sargasso Sea study, an appropriate template genome is usually not available and a scaffold of contiguous sequence separated by gaps of known size must be constructed by overlapping consensus assembly. This 'binning' step is heavily biased in that highly conserved sequences from phylogenetically distant DNA will cause false overlaps, whereas polymorphism within related DNA will introduce an artificial gap in the contiguous sequence [149] . Not surprisingly, community assembly is computationally very intensive, requiring manual postprocessing of the 'binned' scaffolds to correct assembly errors [150] . Metagenomics for pharmaceutical lead discovery does not require the scaffolds to then be sorted into phylogenetic groups per se, but does require some degree of signature searching capacity to identify clones of interest. Novel gene discovery is the ultimate goal of this culture independent research.
We have been using hidden Markov models (HMM) [151] and family profiling programs such as HMMER database-building search software (http://hmmer.wustl.edu) [152] to predict catalytic functions of PKS and NRPS domains from gene sequences [38] . Preliminary work [153] has indicated that it is possible to construct HMMs to distinguish domains that incorporate common and more unusual biosynthetic precursors. The most difficult task has been to build HMMs that correctly predict the stereochemistry of the PKS and NRPS products, highlighting the limitations of existing bioinformatics techniques to assign absolute protein function based on expressed gene sequences -Anfinsen's dogma [154, 155] (http://nobelprize.org/chemistry/laureates/1972/press.html). There is a need for new approaches to the computational problems associated with applying metagenomics for universal gene cloning and expression. These computational issues have been addressed in a recent overview [156] .
SCREENING METAGENOMIC LIBRARIES
Once a metagenomic library has been cloned, the task of screening the library commences. The first assumption is that a target metabolite of a marine invertebrate -microbial assemblage will be biosynthesized as a complete product from a cloned DNA fragment that encodes the entire biosynthetic pathway. This may not be the case, however, adding complexity to the deconvolution problem. For example, transacting elements may be encoded across separate clones necessitating completion of in vitro semisynthesis from combined cell-free extracts. Many factors involved in recombinant selection have been considered [93, 157] . It is recognised that the productive clones will be rare in any metagenomic library and that robust strategies must be developed to uncover the appropriate biosynthetic clusters. Functional assays can be divided into types that select for an expressed trait: (a) gene assays that employ DNA primers to probe for the expected native biosynthetic pathways and (b) chemical assays to detect biosynthetic gene products based mainly on spectroscopic or spectrometric techniques often coupled to chemometric data analysis.
Initial success in this endeavour employed functional screens that distinguished a selectable phenotype, such as colour used for the detection of violacein and deoxyviolacein [124] , or antibiosis for the detection of long-chain N-acyl amino acids from heterologously expressed soil DNA [158] . In the latter case, a simple Bacillus subtilis overlay assay was used to identify antibiotic producers through a zone of inhibition from which a library of 700,000 initial transformants yielded 65 antibiotic producing clones. Using an alternative approach, clones with antibiotic resistant genes were readily identified in a large soil metagenomic library by plating pools of clones onto antibiotic containing growth media, which gave 24 antibiotic resistant clones from an original library containing 5.4 Gbp of DNA [159] . More complex, functional assays have been developed to allow a very large throughput mainly to serve combinatorial chemistry programmes producing vast numbers of compounds. For example, the approach used by Huang and Schreiber [160] for selecting small molecule inhibitors of protein-protein interactions from a large combinatorial library was achieved using modified yeast cells in nanodroplets that could be applied to identify active clones in a metagenomic library. Other phenospecific assays such as those detecting metal chelation [161] can lack sensitivity and may not identify weakly productive clones. Additionally, conditions for a functional assay may not be compatible for growth by the surrogate host (the product itself could be toxic to the host), or procedures that require an intermediate step (i.e., solvent extraction) can limit the utility of the assay. Functional screens may not pinpoint the exact clone producing a particular metabolite of interest, yet a qualitative assay that is rapid to select for a phenotypic trait serves to reduce the number of clones that need to be examined by more rigorous methods.
Molecular techniques such as contig building, end sequence analysis, hybridisation and clone pooling assume the greatest importance after functional screening assays [162] . The successful use of hybridisation assays relies on several factors, such as the conserved nature of the biosynthetic genes, and the absence of similar biosynthetic sequences in the host genome. In the ideal situation, the genome of the metabolite-producing organism of interest has been fully sequenced. A priori knowledge of the Prochloron didemni genome was used by Schmidt et al. [27] to design unique primers to clone the patellamide biosynthetic pathway into E. coli. Such a strategy is costly and cannot be regarded as universal since it has limited use in the deconvolution of metagenomic clone libraries. PKS and NRPS gene clusters contain highly conserved sequences, but divergence may render degenerate primers based on terrestrial systems unsuitable to detect corresponding genes in marine organisms [93] . An implicit assumption is that a known type of biosynthetic pathway is being investigated. This is not always the case as was observed for the patellamide biosynthetic gene cluster where lack of hybridisation with two sets of degenerate primers for NRPS pathways necessitated a compound screening approach [105] . Automated instrumentation can now routinely examine large numbers of samples to enable compound-specific deconvolution of metagenomic clone libraries. As mentioned previously, preselection of clones may be executed based upon phenotypic or genotypic assays before compound screening is necessary, although in some cases direct chemical analysis may be the only possible option. In the case of cloning the patellamides from Prochloron sp., deconvolution of a 1344-clone recombinant library was carried out by the culture of pooled clones, followed by solid phase extraction, liquid-liquid extraction and analyte concentration before analysis by high performance liquid chromatography with mass spectrometric detection (HPLC-MS) [105] . An HPLC-MS approach was also used to deconvolute a library of 1020 clones in a soil DNA library to obtain the metabolite terragines A-D, but no experimental details are provided [123] .
Other methods needing minimal sample preparation that allow high throughput (<1 min/sample) are direct infusion electrospray ionisation mass spectrometric (ESI-MS) analysis of crude fermentation extracts and matrix-assisted laser desorption/ionization mass spectrometric (MALDI-MS)
analysis of lyophilised cells embedded in a suitable matrix [163] . Both methods can be highly automated with use of liquid handling systems for high throughput, deconvolution of metagenomic DNA libraries. Analysis of ESI-MS and MALDI-MS data can involve a search for a single ion, or the data can be subjected to chemometric methods for metabolomic analysis [164] . This methodology, often using MS or nuclear magnetic resonance (NMR) spectroscopy data obtained on 'raw' sample extracts, allows a comparative assessment of chemotypic differences between clones in a recombinant DNA library. Current liquid handling systems and probe designs allow the acquisition of more than one proton ( 1 H) NMR spectrum per minute, potentially making NMR an efficient method to pre-screen metagenomic clone libraries for secondary metabolites.
CONCLUSION
While the technology for cloning the genes responsible for the biosynthetic assembly of marine metabolites for heterologous expression in a surrogate host is unequivocally still in its infancy, the way is clear for significant advancements. Adopting a molecular approach will allow genetic manipulations of key assembly pathways for the construction of combinatorial biosynthetic libraries [106, 165, 166] that portends the rational design of hybrid metabolites for novel drug discovery. Further work in this field may additionally enable the biosynthetic expression of all natural products encoded in the metagenome of a marine invertebrate and its complex microbial consortia, not just those that are biosynthetically expressed under a particular set of environmental conditions and metabolic challenges (stress, infection, etc). Adapting a molecular approach will allow probing the unique nature of invertebrate-microbial associations in the bioprocess engineering and ecological functioning of marine secondary metabolites [167] that entail partner-exclusive, interactive, or shared metabolic pathways of the holobiont. Overall, this strategy will only succeed through the concomitant development of appropriate bioinformatic tools and high-throughput methodologies to screen the clone libraries that are generated in all the proposed approaches to select for the desired production of a marine bioactive metabolite. 
